We propose a one-loop induced radiative neutrino mass model with anomaly free flavour dependent gauge symmetry: µ minus τ symmetry U (1) µ−τ . A neutrino mass matrix satisfying current experimental data can be obtained by introducing a weak isospin singlet scalar boson that breaks U (1) µ−τ symmetry, an inert doublet scalar field, and three right-handed neutrinos in addition to the fields in the standard model. We find that a characteristic structure appears in the neutrino mass matrix: two-zero texture form which predicts three non-zero neutrino masses and three non-zero CP-phases from five well measured experimental inputs of two squared mass differences and three mixing angles. Furthermore, it is clarified that only the inverted mass hierarchy is allowed in our model. In a favored parameter set from the neutrino sector, the discrepancy in the muon anomalous magnetic moment between the experimental data and the the standard model prediction can be explained by the additional neutral gauge boson loop contribution with mass of order 100 MeV and new gauge coupling of order 10 −3 .
I. INTRODUCTION
Radiative neutrino mass models are one of the most promising scenarios at TeV scale physics to explain tiny neutrino masses. The original model based on the idea of radiative generation of neutrino masses is known as the Zee model [1] proposed in early 80's, where neutrino masses are generated at the one-loop level. After the Zee model, the Zee-Babu model [2] has also been proposed, where neutrino masses are explained at the two-loop level. In 2000's, radiative neutrino mass models have been extended so as to include a dark matter (DM) candidate by introducing an unbroken symmetry such as a discrete Z 2 symmetry known as; e.g., the models by KraussNasri-Trodden [3] and by Ma [4, 5] . After these models appeared, various kinds of extensions have been considered in the scenario based on the raditive neutrino mass generation such as models with the supersymmetry [6] , the B-L symmetry [7] , flavour symmetries [8] and the conformal symmetry [9] . Furthermore, in Refs. [10] , a complex SU (2) L triplet scalar field is introduced, in which the collider phenomenology can be rich because of the existence of doubly-charged scalar bosons. Loop induced Dirac type neutrino masses have been proposed in Ref. [11] . In models proposed in Refs. [12] , charged lepton masses are also introduced at quantum levels in addition to neutrino masses. In addition to the above mentioned models, a number of radiative neutrino mass models have been constructed [13] [14] [15] up to now, and they have been classified into some groups in Refs. [16] .
On the other hand, Abelian gauged U (1) symmetries are well compatible with such radiative models. It has been known that there are four different anomaly free and flavour dependent types of U (1) symmetries in the leptonic sector; namely, L e − L µ , L e − L τ , and L µ − L τ , where L i denotes the lepton number with the flavour i. Especially in the case of L µ − L τ [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , constraints on the mass of additional neutral gauge boson Z ′ and the new gauge coupling constant from the LEP experiment are very weak, because the Z ′ boson does not couple directly to the electron.
We thus can consider a light Z ′ boson scenario, by which the discrepancy in the muon anomalous magnetic moment between current data and the prediction in the standard model (SM) [17] can be explained with the mass of Z ′ to be O(100) MeV and the U (1) µ−τ gauge coupling to be O(10 −3 ).
The positron anomaly reported by AMS-02 [27] could be explained [19, 28] . Such a light Z ′ boson can be probed at the 14 TeV run of the LHC [25] through multi-lepton signals.
In our paper, we combine a radiative neutrino mass model at one-loop level and the gauged U (1) µ−τ symmetry to get neutrino masses, mixings, and dark matter candidates. We find that a predictive two-zero texture form of a neutrino mass matrix can be obtained corresponding to Lepton Fields Scalar Fields "Pattern C" in Ref. [29] . In this texture, we only need five experimental inputs to determine all the neutrino parameters. We can choose the most accurately measured ones: two squared mass differences and three mixing angles. It turns out that only the inverted mass hierarchy is allowed in our texture. Non-vanishing one Dirac and two Majorana CP-phases, and non-zero three neutrino mass eigenvalues are predicted.
This paper is organized as follows. In Sec. II, we define our model, and give mass formulae for scalar bosons. In Sec. III, we calculate the mass matrices for the lepton sector; charged leptons, right-handed neutrinos and left-handed neutrinos. The detailed analysis for the two-zero texture form of neutrino mass matrix is also discussed. In Sec. IV, we discuss new contributions to the muon g − 2 and lepton flavour violation in our model. Conclusions and discussions are given in Sec. V.
II. THE MODEL
We consider a model in the framework of the gauge symmetry of
with an unbroken discrete Z 2 symmetry. The particle content in our model is listed in Table I .
The charge assignment for the U (1) µ−τ symmetry is separately shown in Table II .
Our model is an extension of the model proposed by Ma [4] , where neutrino masses are generated at the one-loop level. In the Ma model, three right-handed neutrinos and an inert scalar doublet field are added to the standard model (SM). We introduce only one additional SU (2) L singlet scalar field S with the even parity under Z 2 to the Ma model. The vacuum expectation value (VEV) of S breaks the U (1) µ−τ symmetry.
The mass terms for right-handed neutrinos N i R and the relevant Yukawa interactions are given by
The scalar sector of our model is composed of a singlet (S) and two doublets, one active (Φ) and one inert (η). The most general scalar potential is given by
where all the parameters can be taken to be real without any loss of generality. The scalar fields are parameterized by
where v is the VEV related with the Fermi constant The tadpole conditions for ϕ H and S H are respectively given by
Using the above two equations, we can eliminate µ 2 Φ and µ 2 S . There is no tadpole condition for η H , because the VEV of inert doublet field η is zero due to the unbroken Z 2 symmetry. squared masses are simply given by
For the Z 2 -even sector, two CP-even scalar states ϕ H and S H are mixed with each other. Their mass matrix, M 2 H , in the basis of (ϕ H , S H ) is given by
The mass eigenstates for the CP-even states are given by introducing the mixing angle α by
In terms of the matrix element expressed in Eq. (II.8), the mass eigenvalues are 11) and the mixing angle is
We define h as the SM-like Higgs boson with the mass of 126 GeV. Thus, H corresponds to an additional singlet-like Higgs boson. Finally, if the conditions .15) are satisfied, the Higgs potential Eq.(II.2) is bounded from below. 
III. LEPTON MASS MATRIX
The mass matrices for the charged-leptons and right-handed neutrinos are defined as
where e, µ and τ are, respectively, (
After the phase redefinition of the fields, e i R and N i R , the mass matrices can be written in the form
where θ R is the remaining unremovable phase. Notice here that the U (1) µ−τ symmetry predicts the diagonal form of the mass matrix for the charged leptons. The mass matrix M N is diagonalized by introducing a unitary matrix V satisfying
The mass matrix for the left-handed Majorana neutrinos is then calculated to be
k , the neutrino mass matrix can be simplified to be
(III.5)
More explicitly, M ν can be written as
where we reparametrized dimension-full real parameters M ij defined as
in the unite of −λ 5 v 2 /(32π 2 m 2 0 ). The structure of matrix, Eq. (III.6), implies that the U (1) µ−τ symmetry predicts the so-called two-zero texture form of the Majorana neutrino mass matrix.
Fifteen patterns of the two-zero texture form have been discussed in Ref. [29] , and our form corresponds to one termed "Pattern C". Because of the two zero texture form, nine neutrino parameters, three mass eigenvalues, three mixing angles and three (one Dirac and two Majorana) CP-phases, are predicted from five input parameters. In the following, we'll discuss how we can determine all the neutrino parameters by five experimental inputs.
First, we introduce the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U PMNS [30] to diagonalize the neutrino mass matrix: 8) where m 1 , m 2 and m 3 are the neutrino mass eigenvalues. The PMNS matrix is expressed as the product of two unitary matrices as
(III.14)
Using 0 ≤ θ ij < π/2 (ij = 12, 13, and 23) and θ 13 ≪ 1, we obtain approximate formulae for R 13
and R 23 as In order to guarantee m 2 > m 1 ( i.e., R 23 > R 13 ), we require cot 2θ 23 cos δ > 0. In that case, we obtain R 23 > 1, which shows that only the inverted mass hierarchy (m 2 > m 1 > m 3 ) is allowed in our model as already mentioned in Ref. [29] .
Finally, we define the ratio of two squared mass difference:
From Eq. (III.14), it can be rewritten in the inverted mass hierarchy as We can obtain three mass eigenvalues in terms of ∆m 2 21 , R 13 and R 23 as
Now, we are ready to determine all the neutrino parameters by using five experimental inputs.
The best fit (3σ range) values in the inverted mass hierarchy are given as follows [31] : In the following, we present our predictions using the three sets of input parameters; namely, using the best fit values (BF), using the upper limit of the 3σ range (+3σ) and using the lower limit of the 3σ range (−3σ). From two squared mass differences, we can obtain the numerical value All the negative (positive) solutions for δ are allowed (excluded) by the experimental data at 95%
CL [31] , so that we choose the negative solution. We then obtain the ratios as where we performed a phase redefinition so that the phase appears in the (2, 3)−component as in Eq. (III.6). We thus determine our model parameters by comparing each element of the above matrix with corresponding one given in Eq. (III.6).
We note in passing that the lightest right-handed neutrino can be a DM candidate in our scenario discussed in this section. The phenomenology of fermionic DM is quite similar to that in the Ma's model [4] , and its detailed discussions have been presented in Ref. [5] .
IV. MUON ANOMALOUS MAGNETIC MOMENT AND LEPTON FLAVOUR VIOLATION
The muon anomalous magnetic moment, so-called the muon g − 2, has been measured at Brookhaven National Laboratory. The current average of the experimental results is given by [32] 
It has been known that there is a discrepancy from the SM prediction by 3.2σ [33] to 4.1σ [34] :
In our model, the dominant contribution to the muon g − 2 is obtained through the one loop diagram where the muon and the extra neutral gauge boson Z ′ of the U (1) µ−τ symmetry are running in the loop. The resulting form is given by
where g Z ′ and m Z ′ are the U (1) µ−τ gauge coupling constant, the mass of Z ′ , respectively, and
On the other hand, the parameter space on m Z ′ and g Z ′ has been severely constrained by the neutrino trident production process [36] observed in neutrino beam experiments at the CHARMII [37] and at the CCFR [38] , whose measured cross section well agrees with the SM prediction. For example, g Z ′ 0.1, g Z ′ 0.02, g Z ′ 0.002 and g Z ′ 0.001 have been excluded with 95% CL in the cases of m Z ′ = 100, 10 , 1 and 0.1 GeV, respectively [36] . However, we note that the muon (g − 2) in our model is not constrained by the dark photon search experiment at BaBar because Z ′ does not couple to the electron in our case [39, 40] .
By taking into account the constraint from the neutrino trident production, the discrepancy in the muon g − 2 can be compensated to be less than 2σ by m Z ′ ≃ 200 MeV with g Z ′ ≃ 10 − 3 1 1 In addition to the Z ′ loop contribution, there is a negative contribution to the muon g − 2 from the η ± and Ni
The lepton flavor violation also arises through the η ± loop in our model. The most stringent constraint is imposed by the MEG experiment: B(µ → eγ) < 5.7 × 10 −13 [35] . The branching fraction is written by
O(10 −3 ) with m η ± = O(1) TeV, we can avoid this constraint.
Therefore, the anomaly in the muon g − 2 can be well explained in the favored parameter region suggested from neutrino data and lepton flavour violation data.
We note that our Z ′ boson does not couple to the SM quarks, because it appears from the U (1) µ−τ gauge symmetry; i.e., it has a quark phobic nature. Therefore, any constraints for the Z ′ boson using hadron events such as dijet searches cannot be applied.
V. CONCLUSIONS AND DISCUSSIONS
We have constructed a one-loop induced radiative neutrino mass model in the gauge symmetry
with the unbroken discrete Z 2 symmetry. In our model, three righthanded neutrinos are introduced in addition to the SM, and the scalar sector is composed of two isospin doublets, one inert and one active, and a U (1) µ−τ charged singlet.
We have shown that the U (1) µ−τ symmetry predicts a characteristic structure of the lepton mass matrices. First, the mass matrix of charged leptons is diagonal in the interaction basis. Second, the mass matrix of left-handed neutrinos is in the two-zero texture form if inert scalar bosons are much heavier than the right-handed neutrinos. The two-zero texture form of the neutrino mass matrix has been intensively studied in Ref. [29] , and our model provides a texture with vanishing (2, 2) and (3, 3) elements, corresponding to "Pattern C" in [29] . In this pattern, only the inverted mass hierarchy is allowed. And we only need five input experimental data to fix the neutrino mass matrix. We can choose the most accurately measured ones: two squared mass differences and three mixing angles. Using the best fit values of five observables, we obtained non-zero Dirac and Majorana CP-phases, and non-zero three neutrino mass eigenvalues.
We showed that the Z ′ -loop contribution to the muon g −2 can explain the discrepancy between the current experimental data and the SM prediction if the Z ′ mass is of O(100) MeV and the U (1) µ−τ gauge coupling of O(10 −3 ), which has not been excluded by the neutrino trident production (i =1-3) loop diagram. However, it can be neglected due to the assumption M 2 k ≪ m 2 η ± that provides two-zero texture in the neutrino sector.
process. The constraint from lepton flavour violation such as µ → eγ can be avoided in the parameter space favored by the neutrino data and the muon g − 2.
Finally, we would like to briefly discuss the collider phenomenology of our model. One of the important features is that the SM-like Higgs boson h which was discovered at the LHC [41, 42] can mix with the U (1) µ−τ Higgs boson H via the mixing angle α. As a consequence, the coupling constants of h with the SM gauge bosons hV V (V = W, Z) and fermions hff can be universally deviated from those of the SM predictions by the factor cos α. Since the pattern of the deviation in the h couplings strongly depends on the structure of the Higgs sector as discussed in Ref. [43] , we can indirectly probe the model by looking at the deviation even if we cannot discover new particles such as H. In future collider experiments such as the LHC Run-II, the high luminosity LHC and the International Linear Collider (ILC), the Higgs boson couplings are expected to be measured quite accurately, especially they can be measured. In particular at the ILC with the collision energy of 500 GeV and the integrated luminosity of 500 fb −1 , the hV V and hff (f = b, τ and t) couplings can be measured with about 0.4% and O(1)% [44] , respectively. Therefore, we can test our model by the comparison between the precisely measured Higgs boson coupling and the theory predictions.
